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Supplementary Figure 1. Experimental process, selection criteria, and tabulation of data 

available for sequencing of CTCs. In this study, single vials of blood (3.75 mL) from patients 

with progressing metastatic prostate cancer were processed to retrieve CTCs.  To account for 

variability in amplification from single cells and ensure sufficient numbers of libraries for variant 

calling, we set a ≥ 20 CTCs per vial of blood threshold, based on our empirical analysis of the 

samples processed.  Additionally, to determine whether variants identified in CTCs were present 

in the tumor, we also required access to matched tumor tissue for comparison.  Two subjects 

yielded sufficient numbers of CTCs and multiregion cores from the primary tissue were 

available. 
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Supplementary Figure 2. Nanowell-based isolation of pure, single CTCs.  (a) Following 

enrichment of patient blood via the Illumina MagSweeper or other platform, the enriched sample 

is loaded stochastically into an array of 84,672 subnanoliter (50 x 50 x 50 µm) wells.  Automated 

epifluorescence microscopy is performed for the entire array, and a custom software program is 

used to segment all cells on the array and quantify fluorescence intensities.  An image review 

program was written for this application to enable rapid review of candidate CTCs, including 

fluorescence intensities in each channel. Cells coated in beads and positive for EpCAM, while 

negative for CD45 and the nuclear stain DAPI, were selected within this program for retrieval.  

The program automatically generates a list of wells for retrieval that is compatible with an 

automated micromanipulator (ALS Aviso CellCelector) that retrieves single cells from individual 

wells and deposits into a PCR plate. 

 

 

 



 

Supplementary Figure 3. Validation of prostate cancer cell recovery by the Illumina 

MagSweeper.  Surface expression of the EpCAM epitope of LnCAP prostate cancer cells was 

determined by flow cytometry. Live cells, as determined by the indicated gate of forward scatter 

(FSC) and side scatter (SSC) in the upper left scatterplot, were stained with anti-EpCAM-PE or 

left unstained (histograms). To determine the sensitivity of the Illumina MagSweeper CTC 

isolation procedure, LnCAP cells were labeled with CFDA, a green fluorescent marker, and 10 

or 100 CFDA-labeled LnCAP cells were spiked into 3.75 ml of blood from a healthy normal 

donor, and subjected to the MagSweeper isolation procedure, in triplicate.  The numbers of 

LnCAP cells (EpCAM+, CFDA-labeled) and “contaminating” white blood cells (CD45+) 

recovered by the procedure were determined. 

 

 

 

 



 

Supplementary Figure 4. Comparison of CTC counts from Illumina MagSweeper vs 

Veridex CellSearch.  CTC counts per 7.5 mL of blood are compared for a subset of blood draws 

that were enumerated using both the MagSweeper and Veridex.  A significant correlation 

between CTC counts obtained by the two platforms was observed (p = 0.006; Spearman, two-

tailed). 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 5. KLK3 (prostate specific antigen) mRNA is highly expressed in 

CTCs from patient with metastatic prostate cancer.  CTCs were isolated from peripheral 

blood and picked as single cells as described in Online Methods.  RNA sequencing of single 

cells was performed according to a recently published experimental procedure32.  The left 

scatterplot represents the log10(RPKM) value of KLK3 for 26 out of 48 individual single cells, for 

which KLK3 expression was detected, and for which greater than 100 genes out of 8247 were 

detected.  The barplot on the right represents the log10(RPKM) value of gene expression as 

measured by RNA sequencing, obtained from a publicly available dataset, in which RNA 

sequencing was performed to determine gene expression in the indicated human tissues 

(Genotype-Tissue Expression Portal, GTEx, http://www.broadinstitute.org/gtex).  RPKM = reads 

per kilobase per million mapped reads. 



Supplementary Figure 6. Quality control on genome-wide uniformity for libraries from 

patients CRPC_36 and CRPC_10.  Genome-wide read densities for 23 libraries from 

CRPC_36, and 16 libraries from CRPC_10.  The calculated autocorrelation coefficients (Online 

Methods) for each library is shown (right side).  The cut-off threshold for pass/fail is shown 

(dashed line).  For a few libraries, there was insufficient coverage to calculate the autocorrelation 

coefficient (n.d., not determined); here, visual inspection of genome-wide read densities was 

used to assess pass (**) versus fail. 
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Supplementary Figure 7. Comparison of allelic coverage in bulk and WGA libraries.  (a) 

Lorenz curves showing the cumulative fraction of reads as a function of the cumulative fraction 

of the exome for bulk blood normal DNA (blue), bulk primary tumors (grey) and single CTCs 

(green) for CRPC_36.  Grey dashed line indicates perfectly uniform coverage.  WES yielded 124 

± 12x mean target coverage for CTC libraries from CRPC_36 (Supplementary Table 2).  (b) 

Allelic fraction distribution of 22,054 germline heterozygous SNPs as observed in exome 

sequencing data of bulk normal DNA (blue), primary bulk tumors (grey), and libraries derived 
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from amplified single CTCs (green) for CRPC_36.  One library derived from an amplified single 

CTC exhibited substantially less allelic distortion than the other single CTC libraries. (c) The 

same analysis as in Supplementary 7a is presented, but for CRPC_10.  WES yielded 89 ± 8x 

mean target coverage for CTC libraries from CRPC_10 (Supplementary Table 2).  (d)  Same as 

Supplementary 7b, but for patient CRPC_10. 

 

 

 

Supplementary Figure 8. Heterozygous SNP sites that were improperly genotyped. (a) The 

fraction of improperly genotyped sites is calculated from the total number with coverage from 

each of the CTC libraries from CRPC_36.  This is calculated as the number of sites with loss of 

reference or alternate allele divided by the number of sites with coverage.  (b) The same analysis 

as presented in Fig. 2a is presented for patient CRPC_10.  Combining CTC libraries yielded 

coverage of both alleles at 99.892% of heterozygous SNP sites.  (c) The same analysis as 

presented in Supplementary Fig. 8a is presented for patient CRPC_10. 
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Supplementary Figure 9. Sequencing a pool of CTCs does not provide comparable 

accuracy in calling of variants to census-based sequencing. (a) Distributions of allelic 

fractions for 22,054 germline heterozygous SNPs for exome sequencing data of 19 libraries 

derived from amplified products of single CTCs (green) and five libraries prepared from 

amplified pools of 10 CTCs (purple) from patient CRPC_36. The degree of allelic distortion is 

similar between both sets of libraries. (b) Estimation of false positive rate per megabase (Mb) for 

the 19 single-cell libraries and five libraries from pools of 10 CTCs.  The estimated natural rate 

for treated prostate cancer is 2 mutations / Mb (grey dashed line)19. 
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Supplementary Figure 10. Principle of census-based calling of SSNVs. SSNVs are identified 

in each library as described in Online Methods using MuTect18.  SSNVs are compared one by 

one, across all libraries.  If an SSNV is detected in N or more independent libraries, the SSNV is 

called in the CTCs.  (N = 3 is shown here.) 
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Supplementary Figure 11.  Comparison of mutation pattern across CTCs and primary 

cores from patient CRPC_10. (a) Sensitivity versus false positive rate / Mb as a function of the 

required number N of independent observations of the variant among 6 CTC libraries.  (b) The 

number of SSNVs called in total among 6 CTC libraries (22) and those that were validated as 

being present in matched tumor tissue (12) are shown.  (c) Hierarchical clustering using the 

Jaccard index for mutations called across twelve primary cores and CTCs (when observed in ≥ 3 

out of 6 single CTCs).  Only sites in the exomes that were considered to be powered for mutation 
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calling, as described in Online Methods, were included in this analysis.  Shading of green 

represents presence in CTCs and at least one other sample (dark green) or not present in CTCs 

(light green).  The areas shaded in pink represent the pathology blocks from which cores of 

tissue were obtained (drawn to scale).  The dotted lines represent the area with histological 

presence of tumor within each block.  The sites from which the individual cores of tissue were 

obtained for sequencing are shown.  Genes highlighted indicate non-synonymous mutations 

present in > 2 patients from a previous sequencing study in prostate cancer31.   CTCs detected all 

3 of the early trunk SSNVs for which they were powered (CTCs were not powered to call the 

remaining 6 in this patient, yet 2 of these were detected in less than 3 CTCs). 

 

 

Patient 
ID Age PSA CTC / 3.75 

mL 
Matched 
tissue? 

CRPC_1 86 23 50 n 
CRPC_2 77 1201 27 n 
CRPC_3 76 91 3 n 
CRPC_4 67 734 6 n 
CRPC_5 55 4706 6 y 
CRPC_6 65 2680 0 y 
CRPC_7 63 1084 2 y 

CRPC_8 63 1687 20 y 1174 50 
CRPC_9 76 17 3 y 

CRPC_10 56 322 90 y 56 1072 200 

CRPC_11 65 61 0 y 44 0 

CRPC_12 57 738 81 y 738 30 

CRPC_13 56 193 0 y 56 243 0 
CRPC_14 57 25 0 y 
CRPC_15 69 191 15 n 
CRPC_16 76 737 5 y 



17 0 
15 0 

CRPC_17 54 817 60 n 
CRPC_18 79 11 0 n 
CRPC_19 67 25 2 y 

CRPC_20 73 47 12 n 61 40 
CRPC_21 64 10 2 n 
CRPC_22 57 57 1 y 
CRPC_23 69 8 2 n 

CRPC_24 84 84 6 y 24 10 
CRPC_25 66 9 0 n 
CRPC_26 73 46 3 n 

CRPC_27 65 5 3 y 88 0 

CRPC_28 75 3 17 n 5 7 

CRPC_29 61 44 7 y 117 0 
CRPC_30 64 31 1 n 
CRPC_31 53 28 0 n 

CRPC_32 77 4 1 n 8 0 
CRPC_33 73 8 1 y 

CRPC_34 73 74 1 y 149 1 

CRPC_35 65 382 100 y 362 100 
CRPC_36 60 151.7 85 y 

 

Supplementary Table 1. Patient information table.  Blood draws were processed from 36 

patients with castration-resistant prostate cancer (CRPC).  In some cases, repeat blood draws 

were obtained on different dates.  The present availability of matched tissue has been indicated 

and affected our decision on whether or not to perform WGA on the isolated CTCs. 

 

Supplementary Table 2. Sequencing metrics. Standard exome sequencing metrics are 



presented for the samples sequenced from patients CRPC_10 and CRPC_36. 

 

Supplementary Table 3. List of SSNVs called in patient CRPC_36. Somatic single nucleotide 

variants with their genomic positions and protein changes, which were identified in 9 individual 

cores of tissue from the primary prostate cancer, a lymph node metastasis, and in CTCs, are 

listed, including missense, silent, intron, nonsense, splice site, translation start site, and 5’ and 3’ 

untranslated region mutations. Any point mutation within the targeted exome territory was 

considered independent of its classification. 

 

Supplementary Table 4. List of SSNVs called in patient CRPC_10. Somatic single nucleotide 

variants with their genomic positions and protein changes, which were identified in 12 individual 

cores of tissue from the primary prostate cancer and in CTCs, are listed, including missense, 

silent, intron, nonsense, splice site, translation start site, and 5’ and 3’ untranslated region 

mutation. Any point mutation within the targeted exome territory was considered independent of 

its classification. 

	  


